We present, using frequency modulation atomic force microscopy, two methods for rapid atom discrimination. Both methods visualize chemical difference on difference atom sites. Signals corresponding to absolute minimum values of the obtainable frequency shift are used. In the first method, two-dimensional force mapping, quantitative force analysis for atom discrimination was demonstrated on a surface with three different surface atoms present. In the second method, we succeeded in imaging atom differences of the three atom species. Both methods enable rapid observations of differences in surface atoms compared to force spectroscopic measurements for atom discrimination in data acquisition and analysis. and frequency modulation atomic force microscopy ͑FM-AFM͒ 5-8 have been used in single atom manipulation experiments at low and room temperatures. For structuring nanomaterials consisting of multiple elements, identification and/or discrimination of atomic differences is essential. Conventionally, one may be able to discriminate known atom species from topographic mode images.
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Manipulation of single atoms is crucial in advancing the fields of nanoscience and nanotechnology. Atom manipulation by scanning probe microscopy ͑SPM͒ is a promising method for realizing atomic-level devices such as solid state quantum computers. 1 To date, among various types of SPM techniques, scanning tunneling microscopy ͑STM͒ [2] [3] [4] and frequency modulation atomic force microscopy ͑FM-AFM͒ [5] [6] [7] [8] have been used in single atom manipulation experiments at low and room temperatures. For structuring nanomaterials consisting of multiple elements, identification and/or discrimination of atomic differences is essential. Conventionally, one may be able to discriminate known atom species from topographic mode images.
As one of the more reliable methods, inelastic electron tunneling spectroscopy ͑IETS͒ using STM allows for molecular identification. 9 In our previous FM-AFM study, measurement of the chemical attractive force acting between atoms at the tip apex and sample surface allowed for identification of single atoms on the surface. 10 In this method, known as force spectroscopy, 11 three species ͑Si, Sn, and Pb atoms͒ were identified by comparing the magnitude of the maximum attractive force. Although the magnitude of this force depends on the tip geometry and composition, a comparison of the ratio of the maximum attractive forces enabled us to identify atomic species. From a different point of view, however, force spectroscopy requires time for data acquisition and analysis. 12 It is thought that rapid surface testing for atom discrimination is useful for atomic-level applications such as atom manipulation, even at the expense of quantitative analysis.
In this letter, we report two methods for rapid atom discrimination. Surface atom differences were visualized in both methods. The first method for atom discrimination is to map the force field acting between atoms of the AFM tip apex and the sample surface ͑force mapping͒. 13, 14 The possibility of force mapping has been proven in lateral force calculations [15] [16] [17] and atom manipulation experiments. 18 By measuring the force distributions near the surface in real space, one can differentiate chemical properties of surface atoms that cannot be easily distinguished using conventional FM-AFM topographic images. From the force analysis, we also propose a second method for imaging surface atom differences. By modulating the tip-sample displacement Z during the image scan, we are able to obtain images reflecting the maximum attractive frequency shift ⌬f. The image can be obtained simultaneously with the topographic image.
All experiments were performed using a homebuilt FM-AFM apparatus operated in an ultrahigh vacuum ͑Ͻ1 ϫ 10 −8 Pa͒ at room temperature. To cancel out the effects of thermal drift motion between the AFM tip and the sample, atom-tracking 19, 20 and feedforward 16 techniques were used during data acquisition. Data acquisition for imaging and mapping was performed using a commercial SPM controller 21 and phase lock loop ͑PLL͒ electronics.
22 Figure 1͑a͒ and the inset show a two-dimensional ⌬f map 23 and a FM-AFM topographic image of the surface alloy composed of Si, Sn, and Pb atoms on a Si͑111͒ surface. In the inset, although three different species are present on the surface, they cannot be distinguished. In the ⌬f map, three patterns ͑red, yellow, and green͒ are clearly resolved. The different colors mean that they have different maximum ⌬f values due to the presence of different atom species.
Analyses of both the force and frequency mappings provide several types of information useful for visualizing the surface and/or understanding interaction forces as well as providing data for atom discrimination. For example, contour lines of the same color ͑with equivalent ⌬f value͒ in Fig.  1͑a͒ correspond to topographic line profiles. Since relaxation at both the AFM tip and the sample is not large in the small ⌬f region, 24 we can discuss the atom height and the interaction force simultaneously. From the comparison of the contour lines, the atomic height is small between the yellow and green ones instead of a clear color difference.
From our previous results using force spectroscopy, 10 it can be expected that the red ones, which have the largest attractive ⌬f, represent silicon, while the yellow and green ones represent Sn and Pb, respectively. In order to confirm this, we carried out an analysis of the map. Since the line profiles in the vertical direction in Fig. 1͑a͒ correspond to the frequency to displacement ͑⌬f − Z͒ curves, we extracted profiles for the tops of the 12 atoms. We inverted the ⌬f − Z curves to the force to displacement ͑F − Z͒ curves, 25 then calculated the short-range force ͑F s − Z͒ curve 10, 11 in order to observe the behavior of the short-range chemical force near the surface, as shown in Fig. 1͑b͒ . The colors of the curves in Fig. 1͑b͒ are the same as those of the maximum attractive ⌬f values, as shown in Fig. 1͑a͒ . One can recognize that the ratio of the maximum attractive force was almost the same as our previous result ͑Si: Sn: Pb= 1 : 0.77: 0.59͒ ͑Ref. 10͒ using force spectroscopy. This means that the force ͑⌬f͒ mapping not only yields significant information on the surface atoms but also allows for quantitative analysis for atom discrimination.
From the analysis of the ⌬f map, we formulated a different method for imaging the surface atom difference. This second method, which we call Z modulation imaging, is useful for rapid testing of surface atoms. We modulated the tipsample displacement Z in the attractive ⌬f region and detected and imaged the response included in the ⌬f signal. Since the ⌬f − Z curves are nonlinear, the response depends on the amplitude A Z and the center position of the modulation. Conventionally, modulation techniques are often used in SPM; the main purpose of the modulation is to detect derivatives using the modulated value. To detect derivative signals with reduced distortion, the modulation amplitude should be as small as possible within the minimum detectable signal. For example, in IETS experiments, a signal corresponding to d 2 I / dV 2 can be obtained by modulating the bias voltage at an amplitude of several to a dozen millivolts. 9 In the case of Z modulation with FM-AFM, small-amplitude Z modulation provides a value that corresponds to d⌬f / dZ.
In our scheme, however, we modulated the displacement at a relatively large A Z , comparable to the AFM interaction region in order to obtain the signal depending on the atom species. We analyzed responses of ⌬f on different atom sites by changing A Z ͑gray sinusoidal curve in Fig. 2͒ and the center position of the modulation. Figure 2 shows ⌬f − Z curves obtained on Si, Sn, and Pb extracted from the ⌬f map in Fig. 1͑a͒ . We found that the appropriate modulation condition enabled us to detect the response depending on the attractive maximum ⌬f. 26 Figures 3͑a͒ and 3͑b͒ show FM-AFM topographic and Z modulation images of the surface alloy composed of Si, Sn, and Pb atoms on a Si͑111͒ substrate acquired simultaneously. To obtain the two images simultaneously, the frequency of the Z modulation was set to be larger ͑f Z = 500 Hz͒ than that of the cutoff frequency of Z feedback for topographic imaging. 27 The detection of the ac component synchronized with f Z in the ⌬f signal was performed using a lock-in amplifier. As in our previous results 10 from the FM-AFM topographic image, it was difficult to discriminate the atom species. On the other hand, the Z modulation image had three clear atomic patterns ͓Fig. 3͑b͔͒. The brighter areas correspond to a large response in the atom discriminative image. From the brightest to the dimmest, the pattern should be Si→ Sn→ Pb from the results of our previous force spectroscopy study 10 and Fig. 1. Figures 3͑c͒ and  3͑d͒ show histograms of the atomic height and the signals from the images of the AFM topography and the Z modulation, respectively. In the histogram of the topographic image ͓Fig. 3͑c͔͒, there are three peaks indicating three surface atoms of Si, Sn, and Pb. The distribution is broad and some atoms overlap with each other. Three sharp peaks were obtained in the histogram from the Z modulation image. This indicates that the imaging surface with the large Z modulation provides a clearer difference of surface atoms compared to conventional topographic imaging. The respective ratios of the peak value for Si to those for Sn and Pb did not FIG. 1. ͑Color online͒ ͑a͒ Two-dimensional ⌬f map acquired on a surface alloy composed of Si, Sn, and Pb atoms on a Si͑111͒ substrate. Data acquisition was performed along the arrow in the inset of the AFM topographic image. A total of 1024ϫ 1024 points were mapped for 3.4 min, and the area up to Z = 5 Å is displayed in order to show interactions near the surface. The oscillation amplitude, spring constant, and resonance frequency of the cantilever for both imaging and mapping were A = 166 Å, k = 25.7 N / m, and f r = 159.977 kHz, respectively. The topographic image was obtained at ⌬f = −3.5 Hz. ͑b͒ Short-range force to displacement ͑F s − Z͒ curves on top of the 12 adatom mapped in ͑a͒. Colors of the curves in ͑b͒ correspond to the colors of the maximum attractive frequency shift to displacement ͑⌬f − Z͒ curves in ͑a͒. The red, yellow, and green curves are for Si, Sn, and Pb, respectively. Procedures for obtaining the F s − Z curves are explained in the text. Fig. 1͑a͒ . The gray sinusoidal wave along the vertical axis is the Z modulation signal at an amplitude of A Z = 0.34 Å, which is the same as the experimental condition in Fig.  3 . The three sinusoidal-like waves represent the simulated response from the respective ⌬f − Z curves when ͗⌬f͘ is kept constant at −11 Hz.
correspond to the results from our previous work in force spectroscopy. 10 This is because the response depends on the tip-sample distance and the amplitude and the center position of the modulation, as discussed above. Although some difficulties exist in performing quantitative analyses, this method provides a rapid test for discriminating surface atoms. Once atomic identification using quantitative measurements of force spectroscopy and/or force mapping on several surface atoms is performed, one can use the Z modulation imaging technique for performing atomic manipulation experiments wherein several surface atoms must be moved. Both the mapping and the Z imaging methods need 3-5 min for data acquisition. This is the same as for our conventional topographic imaging and meets the requirements for atom manipulation experiments at room temperature.
In summary, we have demonstrated atom discrimination methods wherein the attractive maxima of the interaction force were used. The force mapping allows for quantitative analysis for atom discrimination. We also performed atom discrimination imaging of sample surface atoms. By modulating the tip-sample displacement at large amplitudes, we were able to detect the response reflecting the maximum ⌬f. from the point of inflection of the ⌬f − Z curve, the response quickly becomes small. We use this characteristic for imaging the surface atom difference in Fig. 3 . Moreover, due to concerns regarding the tip apex crashing at closer distances during the scan, the Z modulation should be set to be smaller. 27 Since the second method is performed simultaneously with AFM topographic imaging, the condition for the Z modulation frequency mentioned in the main body is required. In this condition, the absolute tip-sample distance changes during the scan because ⌬f is kept constant. In other words, the ⌬f for topographic imaging was equal to time average value. In Fig. 3 , we specify ⌬f for the topographic measurement to be ͗⌬f͘. 
Å (a) (b)
Si Si Sn Sn Pb Pb FIG. 3 . ͑Color online͒ ͑a͒ Topographic image of a surface alloy composed of Si, Sn, and Pb atoms on a Si͑111͒ substrate and ͑b͒ image for chemical atom discrimination. Both images were obtained simultaneously. To obtain the image for chemical atom discrimination, the response of the ⌬f induced by Z modulation was measured. In ͑b͒, the Z modulation frequency was set to f Z = 500 Hz, which was larger than the bandwidth of the Z feedback for topographic imaging in ͑a͒. The Z modulation amplitude was A Z = 0.34 Å. ͓͑c͒ and ͑d͔͒ Histograms of atomic height and the magnitude of the response of ͑a͒ and ͑b͒, respectively. Set point of ⌬f for topographic imaging corresponding to time average of ⌬f with Z modulation activated was ͗⌬f͘ = −9.7 Hz. The resonance frequency, oscillation amplitude, and spring constant of the cantilever were f r = 154.973 Å, A = 170 Å, and k =25.7 N/ m, respectively.
